The regeneration of urban brownfields is a relevant strategy to limit the sprawling of post-industrial European 
1. Introduction
Urban Brownfield Regeneration Projects and sustainability issues
It is now generally acknowledged that most European countries are confronted with the problem of urban sprawl and are coping with its negative impacts. There is no need to dwell on the fact that excessive and disorganized consumption of land, resulting from the sprawling of post-industrial cities, causes environmental damages, is economically unviable and creates social disparities [1, 2] . To address these contradictions with the concept of sustainable development, a consensus has emerged in order to promote densification within already built areas [3] . Referring to the compact and polycentric city model [4, 5] , the goal is to increase density and improve accessibility in urban areas while reducing spatial dissociation of functions. Various densification strategies comply with the compact and polycentric city model: urban renewal, vertical extension of buildings, construction on vacant parcels of urban land, or urban brownfields regeneration. This paper focuses on the latter.
In the early 2000s, the Cabernet Network has offered the most commonly accepted characterization of brownfield sites [6] . It puts emphasis on the fact that brownfields "[…] require intervention to bring them back to beneficial use". In today's context looking towards the sustainable city, "beneficial use" implies that a brownfield regeneration project includes environmental, social and economic considerations. The transformation of brownfields into sustainable neighborhoods has the potential to meet these considerations. Indeed, beyond the densification of the existing built fabric, this type of regeneration projects can contribute to the revitalization of some portions of cities and metropolitan areas. In this sense, because of their size between the urban and the architectural scale, these projects can improve mobility impacts and foster mixed-used developments [7, 8] . In addition, numerous authors argue that urban brownfield regeneration projects (UBRP) can be beneficial to the environment (site remediation, ecosystem strengthening, etc.) [9, 10] , the society (health improvements, social inclusion, architectural heritage preservation, etc.) [8, 11, 12] and the economy (job creation, additional tax revenue, etc.) [13, 14] .
However, even though focusing on urban brownfields regeneration is a sustainable land take solution, their transformation into sustainable neighborhoods is not automatic [15] . As a matter of fact, despite their significant potential, the holistic integration of environmental, social and economic objectives is often partial or superficial in this type of operations [16, 17] . This difficulty in integrating sustainability issues in the project dynamics is explained by three interconnected factors. First, the complexity of the site: brownfields are complicated sites covering an intermediate scale (the neighborhood), often disconnected from their context, sometimes contaminated, with a building legacy of variable quality, and suffering from a poor image. Second, the complexity of the regeneration project process: it involves multiple stakeholders and lasts often over a decade.
On that basis, chances are that the different stakeholders will change during the project, which makes it difficult to keep to the end objectives that were set at the beginning. Finally, the complexity of the concept of sustainability itself: it asks for the simultaneous consideration of a multitude of parameters that are not necessarily compatible. In consequence, the integration of sustainability in UBRP is not a spontaneous process and goes far beyond the limits of intuition.
Need for a tailor-made operational monitoring tool
To handle the overall complexity of the transformation of urban brownfields into sustainable neighborhoods, it is essential to act on the basis of sound information and to put a system in place to collect it as appropriate [18] .
To this end, it appears essential to assess equally and concurrently environmental, social and economic criteria.
Today, a "fourth pillar" enhances the sustainability concept. This new pillar, often involving governance considerations, refers to all means deployed to identify and integrate sustainability objectives in a project process in order to increase their success. It serves as a link between short and long-term preoccupation as well as between local and global scale [19, 20] . To be accurate, the assessment must take into account the specificities of UBRP [21] as well as the national/regional context [20] . The assessment results should bring insightful elements to support decisions in a way that allows an iterative setting of sustainability objectives. To do so, a balance between exhaustive and concise information is needed, provided by a multidisciplinary approach [22] . Besides, to pursue sustainability objectives throughout the operation, regular assessments must be an integral part of the project dynamics [23] . In sum, an operational monitoring tool is required. To comply with the above considerations, the tool should satisfy three general requirements [24] : (I) a search for global quality;
(II) an adequacy with the specificities of UBRP;
(III) an integration into the project dynamics.
Recent researches fostering the regeneration of brownfields look at mitigating their impact on the built environment and focus mostly either on soil remediation or on-site prioritization at a territorial level. Most cited examples of these works are the HOMBRE and the TIMBRE projects [25, 26] . A state of the art [27] has reported few frameworks and sustainability indicators systems adapted to brownfield regeneration projects into new neighborhoods [24, [28] [29] [30] [31] . In all cases, this study shows that these approaches do not entirely fulfill the three general requirements. As they are dissociated from the overall project dynamics, they cannot be applied on a regular basis or do not address all the phases of a project.
In reaction to that, a new operational monitoring tool was created [32] . Entitled SIPRIUS+, this tool combines two existing approaches: SIPRIUS, a sustainability indicator system adapted to issues raised by brownfield regeneration [27] , and OKpilot, a user-friendly web-based monitoring software designed to check and manage compliance with different frameworks and checklists [33] . The originality of SIPRIUS+ thus originates from the hybridization of existing know-how coming from different fields, namely the built environment (SIPRIUS) and the business management (OKpilot). Hybridization offers the possibility of combining different techniques to compensate for the complexity of decision-making in a world where information is varied and sometimes contradictory [34] . This new generation hybrid tool is therefore part of transdisciplinary research [35] .
A series of adaption was required in order to bring the two know-hows together and to make a fully operational monitoring tool. It consists mainly, on one side, at making updates, adjustments, and additions to the indicator system and, on the other side, at adapting the software to assess and display the sustainability indicators according to the logic of SIPRIUS. The complete methodology behind this work and the results were previously presented [32] .
Objectives
With an operational monitoring tool in hand, the objective of this paper is to present and discuss the results of the verification process of SIPRIUS+ on ongoing cases studies representative of UBRP. Two different forms of tests were undertaken to check the compliance of the tool with the three general requirements. To assist us in this verification phase, we have divided the three requirements into eight attributes that the tool must meet:
Search for global quality:
1. The tool must assess the three pillars of sustainability;
2. The tool must assess the "fourth pillar" of sustainability;
(II) Adequacy with the specificities of UBRP:
3. The tool must be specific to urban brownfields issues;
4. The tool must be specific to the process of the regeneration project, in particular, its multidisciplinary aspect;
(III) Integration into the project dynamics:
5. The tool must include ex ante assessment and follow up;
6. The tool must include in itinere assessment and follow up;
7. The tool must include ex post assessment and follow up;
8. The tool must promote continuous improvement of the UBRP.
In the first verification stage, we did test-applications on three cases studies in Belgium, France, and Switzerland to validate the functioning and robustness of the monitoring tool. In the complementary second verification stage, we interacted with the stakeholders involved in each case study. These interactions consist mainly of roundtables challenging the tool and its results with the future end users' point of view and the reality of the practice. Both verification stages results are analyzed against the eight attributes.
The following chapter explains briefly the functioning of the operational monitoring tool SIPRIUS+. Chapter 3 presents the results of the test-applications, focusing on the Val Benoit case study located in Liège (Belgium).
Chapter 4 presents the interactions with stakeholders and their perception of the tool. Chapter 5 discusses the results of both verification stages. Essentially, it demonstrates the relevance of the operational monitoring tool in terms of sustainability objectives, its applicability within concrete UBRP, its potential added-value to the professional practice, and underlines the obstacles to overcome prior to a real-world implementation.
Functioning of the operational monitoring tool
As previously mentioned, the monitoring tool SIPRIUS+ is a hybrid between an indicator system and a monitoring software. The indicator system SIPRIUS is the background of SIPRIUS+, supported by the monitoring software
OKpilot (see Figure 1 ). This combination makes the sustainability follow-up of a UBRP operational as it can be done easily, on a regular basis and in a structured way. The operational monitoring tool SIPRIUS+ is designed to allow collaboration between different professionals involved in the project assessment. Tailor-made assessment results should be easy to interpret and simple to communicate. We present here the functioning of SIPRIUS+ through the features of the indicator system and the monitoring software embedded in the tool. 
Features of the indicator system
The indicator system of SIPRIUS+ is designed to measure several quantitative and qualitative sustainability indicators -covering environmental, socio-cultural, economic, and governance aspects -and to follow their evolution through the project process, from ex ante to ex post assessment. They are grouped under three categories of criteria: Context criteria (aspects of the projects which have an impact on the context or aspects of the context which have an impact on the project); Project criteria (aspects of the project which have mainly an impact in the limits of the project); Governance criteria (aspects in relation with the management and the process of the project). It addresses specifically the sustainability issues raised by urban brownfield regeneration projects. In this sense, it explicitly fosters the development of new sustainable neighborhoods on these complex sites [27] . Table 1, Table 2, and Table 3 respectively show a summary list of the context, project, and governance criteria and indicators. Within these three lists, we identify the indicators that have been updated and the ones that have been added from the original version of SIPRIUS [27] . Table 4 shows the datasheet of a qualitative context indicator (C4.1 Degree of prevention of light emission) and Table 5 shows the datasheet of a quantitative project indicator (P5.3 Spatial daylight autonomy -sDA). These datasheets are fully integrated within the monitoring software's to help users assessing properly each indicator. The lighting of the project is limited to the minimum legal requirements in terms of prevention [36] .
VA (average value)
The lighting of the project is integrated into a global lighting plan, which meets the legal requirements in terms of prevention.
VT (target value)
The lighting of the project is integrated into a global lighting plan, which meets the legal requirements in terms of prevention and imposes authorizations and schedules for public lighting (façades, commercial advertisement, etc.).
VB («best practice» value)
The lighting of the project is integrated into a global lighting plan, which meets the legal requirements in terms of prevention and imposes authorizations and schedules for private and public lighting (façades, commercial advertisement, etc.).
Data sources
Plans and data of the project, lighting plan description.
Reference [36, 37] Following some adjustments, OKpilot supports efficiently the indicator system SIPRIUS. Using computer language, SIPRIUS+ is more precisely a SaaS (System as a Service), that is to say that it is accessible online simultaneously via different individual logins and passwords. It is accordingly a collaborative monitoring tool. As an introduction to the next chapter, Figure 3 shows the customizable home screen designed for SIPRIUS+, including a simplified menu. 
Test-application
We now have in hand an operational monitoring tool which intends to facilitate the transformation of urban brownfields into sustainable neighborhoods. Essentially, the goal of the test-applications is to check compliance of the tool with the three general requirements. In the same time, this first step is also a means to verify the robustness and functioning of SIPRIUS+, looking at the assessment features and the clarity of the results. While it brings interesting information about the sustainability performances of a UBRP, we will not give projects recommendation or compare them, as it is not the purpose of this verification process.
The test-applications were performed by the research team of SIPRIUS+ on three case studies: 1) the Gare-Lac neighborhood in Yverdon-les-Bains (Switzerland), an industrial brownfield of 23 hectares; 2) the Pôle Viotte in Besançon (France), a railway brownfield site of 11 hectares, and 3) the Val Benoit project in Liège (Belgium), an institutional brownfield of 8 hectares. These projects underway were chosen for their representativeness of UBRP and for their strong determination to integrate holistic sustainability objectives. At the moment of the test-applications, none of them were performing sustainability monitoring.
For the purpose of the test-applications, all indicators were assessed with SIPRIUS+, including those that were not subject to a particular attention by the case studies. As an example, we present here the Val Benoit project starting with a description of the case study. Then, we show the assessment results of 3 different indicators as well as the global results of the test-application. Finally, we give a synthesis of this first verification phase with the results of the three case studies.
Case study: The Val Benoit project
The Val Benoit project is located on the former campus of the University of Liège, which abandoned in 2006 its modern buildings built in the 1930s. As a typical brownfield, the site is disconnected from its surrounding to the North by the motorway links, to the East by the Meuse river, to the South by an industrial zone and to the West by a railway. This insular aspect is exacerbated by the topography of the site: access to the buildings is 2 meters lower than the perimeter of the brownfield site. Yet, the site is close to the Guillemin TGV and railway station 
Results of the test-applications
The three test-applications were conducted to check the performances of SIPRIUS+ as an operational monitoring tool that includes a search for global quality, that is specific to UBRP and that is integrated into the project dynamics. They served as well to make some fine-tuning of the tool.
The results of the test-applications on the three case studies were overall similar (for complete results, see [40] ).
They validate the relevance of Context, Project and Governance indicators and their reference values in each country. Consequently, it confirms that SIPRIUS+ covers equally the three pillars of sustainability (attribute 1) and includes as well the "fourth pillar" of sustainability (attribute 2). In addition, we notice that the sustainability issues raised by the indicators are significant to the specificities of urban brownfields (attribute 3). As a first application on the case studies, mostly assessing the Master Plans of the three projects, we can add that SIPRIUS+ is appropriate for ex ante assessment (attribute 5). As such, the sustainability assessment allows stakeholders involved in UBRP to verify and set sustainability objectives. All these considerations are expressed in Table 6 .
Nevertheless, as it can be seen in Table 6 , some attributes could not be sufficiently verified with the testapplications. At this stage, we only know that SIPRIUS+ has the potential to meet them. These attributes (4, 6, 7, and 8) are directly linked to the long-term sustainability monitoring of UBRP. Because these projects can last over a decade, doing regular test-applications of the monitoring tool on a long-term period including a multidisciplinary participation was not feasible in the framework of this work. For this reason, a second stage is included in this verification process of the research project. 
Interaction with stakeholders
The second verification stage is meant to complete the test-applications by confronting the tool and its results to the stakeholders involved in the case studies. In this sense, it will question more precisely their perception on the attributes related to the practice of sustainability monitoring. The interactions took the form of roundtables organized for each case study. When conducting roundtable sessions, it is suggested to establish a range of topics to guide the discussion [41] . Hence, the topics addressed concern the potential of SIPRIUS+ to foster: Before opening the roundtable discussions, detailed information about SIPRIUS+ is given. First, the research team makes an online presentation of SIPRIUS+. This presentation is personalized for each case study as it shows the test-application made during the first verification stage. Therefore, stakeholders are not only able to see the diverse functionalities of the monitoring tool, but also a dynamic overview of the performances of their UBRP.
Next, an evaluation report is given to each participant of the three case studies. Directly extracted from SIPRIUS+, the evaluation report gives detailed information about over 50 sustainability indicators. As such, it is a major output of the monitoring tool. Finally, the research team moderates the discussion, according to the topics previously defined. It is important to underline that these roundtables serve as a complementary verification of the test-applications. They are not a foolproof demonstration of the tool and neither claim to bring statistical outputs.
Results of the interactions with the stakeholders
In total, 15 participants from different disciplines (architecture, urbanism, engineering, project management, and politics) have taken part in the three roundtables (see Figure 8 for example). The discussions reported here highlight in a qualitative way the trends and the perceptions about SIPRIUS+; more specifically, the performance of its monitoring features and, in a general way, its potential to answer the three requirements. First, the stakeholders agreed on the fact that SIPRIUS+ could contribute maintaining the sustainability objectives over the long term of UBRP. In that respect, the word "dashboard" has been associated with SIPRIUS+ several times, showing the perception of the potential users regarding the support the tool can bring. Following this idea, it was also said that the tool could provide the basis for planning and for acting in a timely manner on the sustainability performances at the neighborhood scale. In that sense, SIPRIUS+ has the potential to foster in itinere and ex-post follow-up (attributes 6 and 7). Second, the majority of the stakeholders agreed on the fact that SIPRIUS+ could be a relevant tool to build a shared vision of the sustainability of their UBRP. In that order, it could facilitate the communication about this vision within the internal and external teams of the project, which are usually multidisciplinary (attribute 4). It could also facilitate the communication with a broader audience, such as the population. However, divergences appeared among stakeholders about the level of information to communicate to the public. We believe that this latter concern is part of the internal logic of each project, although SIPRIUS+ could be used for this purpose. Finally, stakeholders agreed on the fact that the monitoring provided by SIPRIUS+ could stimulate an iterative process, that is to say, a willingness to improve and optimize sustainability parameters of their project (attribute 8). It was interesting to observe how all the participants felt involved with the results of the test-applications and their desire to improve indicators with a low performance and turn them "green". Table 7 shows how the stakeholders recognized, through the topics discussed, the potential of SIPRIUS+ to give the means to transform their urban brownfield in more ecologically friendly, socially inclusive neighborhoods, mindful of the welfare of future generation. is not conceivable in the framework of this research. Instead, the verification stage focused on the capacity of the tool to meet three general requirements: (I) a search for global quality; (II) an adequacy with the specificities of UBRP; (III) an integration into the project dynamics [24] . They were divided into attributes to allow a finer analysis of the two complementary tests. Overall, the test-applications and interactions with stakeholders gave positive results, showing a consistency of SIPRIUS+ with the eight attributes, and by extension the three general requirements. In that sense, they validate the hybridization strategy used for the making of the tool (Chapter 2).
Although the two complementary tests are not an absolute and definitive confirmation of the efficiency of the tool, they underline the potential of SIPRIUS+ to facilitate the transformation of urban brownfields into sustainable neighborhoods. We discuss here the results from this angle.
Relevance of the operational monitoring tool
The test-applications can be appreciated through the different graphical displays, which lead to a number of observations. Looking at Figure The Evolution display of SIPRIUS+ alone reflects the principles of monitoring (see Figure 5 ). It gives a way to look at the results in detail and to understand the development of a given indicator according to the evolution of the UBRP. It is worth noting that this display comes with comments or explanations (see Figure 2 ) in order to keep track of the parameters taken into consideration at the moment of the assessment. Hence, the use of SIPRIUS+ relies on multidisciplinary inputs.
The interactions with the stakeholders of the tree case studies were the occasion to gather insightful information about their perception of the usability of the tool in daily practice. First, even if it is conceived as a collaborative and multidisciplinary tool, the stakeholders agreed on the fact that someone should lead the monitoring process of the UBRP, in this case using SIPRIUS+. They have identified the project manager as being the most appropriate to be this pilot. Interestingly, the project managers of the three case study took part in these interactions. Second, a discussion about the frequency of use of SIPRIUS+ revealed that a periodical assessment, coinciding for instance with the annual review of the project, would be appropriate. In parallel, complementary strategic assessments could be performed according to the evolution of the UBRP (modification of the project, construction of a building, etc.).
Finally, the cost of the tool, which would consist of a yearly subscription and depend on the number of users,
was not considered as an obstacle when compared to the magnitude of a UBRP. It is mostly organizational obstacles that were identified. Indeed, including the practice of monitoring requires time and investment.
However, the stakeholders have recognized that long-term sustainability monitoring could improve the global quality of the future neighborhood and, by consequence, benefit post-occupancy (maintenance, acceptance, consumption costs, indirect costs, etc.). Generally speaking, what emerges from these interactions is that, whereas the use of such a tool implies a change in the management of these projects, the evolutions to adopt in order to include this practice appear not only feasible, but also realistic and desired.
Limits of the verification stage
Within the scope of this verification stage, we notice some limitations of the test-applications and the interactions with the stakeholders of the three case studies. The test-applications revealed that assessment at an early stage, which is the case for the three case studies, implies a certain number of estimation since all required data are not always already available. This is particularly true for well-being and economic indicators.
Monitoring principles involving a regular follow-up of sustainability objectives allow adjustment, which should provide more accurate assessment according to the project progress. In any case, assessment results should be regarded as work instrument and not static data. In other words, as an indication of how the future neighborhood is dealing with sustainability objectives in order to adjust the project accordingly.
For the interaction with the stakeholders, a questionnaire targeting their perception of the tool was initially provided. However, the number of stakeholders taking part in the roundtables was limited to fifteen. According to statistical methods, this is not enough to articulate quantitative conclusions on the level of perception on given aspects. This said, the roundtables remain relevant to disclose underlying trends about the perception of SIPRIUS+.
Finally, the test-applications were performed by the research team and, consequently, end-users have not directly used the tool during this verification stage. This situation can have an influence on the interactions with the stakeholders as the discussions can be disembodied from the practice. We know that the monitoring software at the base of SIPRIUS+ (cf. Chapter 2) is already used by hundreds of companies in Europe that consolidate its functioning. Nevertheless, a utilization phase involving the stakeholders of the case studies could contribute to corroborate the results of both application-tests and roundtables.
Conclusion
UBRP are not automatically sustainable and have a tendency to change over time. Having a clear idea of where the project is heading in terms of sustainability is crucial to build solid foundation for its future [42] . In this sense, a tailored-made operational monitoring tool appears to be a suitable approach to overcome the complexity of this type of operations and facilitate their transformation into sustainable neighborhoods. This operational monitoring tool must satisfy: (I) a search for global quality; (II) an adequacy with the specificities of UBRP; (III) an integration into the project dynamics. Following these considerations, this research project has developed SIPRIUS+, which is a hybrid between a multicriteria indicator system and a monitoring software.
Despite some limitations, the test-applications of SIPRIUS+ on case studies in Belgium, France, and Switzerland and the interactions with the involved stakeholders have shown compliance with the three general requirements. It has also proven its potential added value to meet the objective: facilitating the transformation of urban brownfields into sustainable neighborhoods. It can provide useful information to integrate and pursue sustainability objectives throughout the regeneration process thanks to global and detailed assessment results.
In other words, SIPRIUS+ gives a shared vision of the sustainability objectives of the future neighborhood. In this sense, the operational monitoring tool is expected to contribute to decision-making in a multidisciplinary manner, without ever giving ready-made solutions, but allowing iterative settings of the project. The concretization of the sustainability vision and maintaining of the objectives will always depend on the motivation and involvement of the stakeholders. This research has shown that the inclusion of a monitoring practice is not only feasible but also realistic and desired. Current works involve updates of the indicators and continuous improvement of the tool. Future experimentations of the tool will be done through an implementation phase in one of the case studies, which will lead to further publications.
